This paper reviews the properties of the Alcaligenes eutrophus JMP134 tfdA gene product, the enzyme responsible for the first step in 2,4-dichlorophenoxyacetic acid (2,4-D) biodegradation. The gene was overexpressed in Escherichia coli and several of its enzymatic properties were characterized. Although this enzyme catalyzes a hydroxylation reaction, it is not a monooxygenase. Rather, TfdA is an Fe(ll) and ax-ketoglutaratedependent dioxygenase that metabolizes the latter cosubstrate to succinate and carbon dioxide. A variety of other phenoxyacetates and a-ketoacids can be used by the enzyme, but the greatest catalytic efficiencies were found using 2,4-D and ax-ketoglutarate. The enzyme possesses multiple essential histidine residues, whereas catalytically essential cysteine and lysine groups do not appear to be present. -Environ Health Perspect 103(Suppl 5): 37-39 (1995) 
The biodegradation of 2,4-dichlorophenoxyacetic acid (2,4-D), a broadleaf herbicide, has been shown to involve side chain removal, hydroxylation of the resulting 2,4-dichlorophenol (2,4-DCP), ortho cleavage of 3,5-dichlorocatechol, conversion of 2,4-dichloro-cis,cis-muconate to succinate, and subsequent metabolism of this intermediate by the cells (Figure 1 ) as reviewed by Haggblom (1) . The genes encoding the enzymes involved in these processes in Alcaligenes eutrophus JMP 134 have been localized to the pJP4 plasmid, cloned, and sequenced (2) . Whereas the sequences of the tfdB gene (encoding 2,4-DCP hydroxylase) and the tfdC, tfdD, and fdEgenes (responsible for dichlorocatechol degradation) exhibit similarities to sequences of genes involved in mineralization of nonchlorinated or monochlorinated analogues (3), the sequence of the q'A gene (4) pmole/min/mg) (5) . The trace level of activity was abolished upon addition of chelators and restored upon addition of ferrous ion, consistent with a Fe(II) requirement for the enzyme. The presence or absence of reducing agents had no effect on activity, which was inconsistent with the behavior of a monooxygenase. Rather, we found (6) that the enzyme is a dioxygenase that requires a-KG as a cosubstrate and converts this compound to carbon dioxide and succinate, as illustrated in Figure 2 .
The thermolabile enzyme (stable only up to 300 C) was purified to apparent homogeneity (specific activity of 16.9 jimoles substrate converted per minute per milligram of protein) by a simple two-step procedure (Table 1 ) and extensively characterized (7). The presence of protease inhibitors during early stages of TfdA purification enhances the stability of the enzyme by preventing conversion of the subunit to an inactive TfdA fragment of apparent M 27,000. Whereas N-terminal sequence analysis of the nondegraded subunit revealed the residues (S-V-V-A-N-) expected from DNA sequence analysis, the amino-terminal sequence of the proteolytic fragment of TfdA (F-K-Y-A-E-L-) was consistent with hydrolytic cleavage after arginine (residue #77). By using anti-TfdA IgG in Western blot analysis of various samples, the conversion was found to occur after cell disruption rather than during the cell cultivation period. The same methods were used to demonstrate that the M of 32,000 form of the protein was present in cell extracts of A. eutrophus JMP1 34. The native protein has an apparent Mr of 50,000 ± 2500, which is consistent with a homodimeric structure. The enzyme exhibits maximum activity at pH 6.5 to 7; however, it is stable over a pH range of 6.5 to 11. Ferrous ion is absolutely required for activity and cannot be replaced by Co Chemical modification studies were used to provide evidence consistent with the absence of essential thiol or arginine residues and the presence of multiple essential histidine residues in the enzyme. Whereas iodoacetamide, N-ethylmaleimide, and butanedione failed to affect TfdA activity, the addition of diethylpyrocarbonate (DEP), a histidine-selective reagent, led to rapid pseudo-first-order loss of activity. The ability of 2,4-D, a-KG, Fe(II) plus ascorbate and combinations of these substances to protect the enzyme against DEP inactivation was examined. Whereas none of the individual compounds are able to significantly protect the enzyme from inactivation by DEP, the combinations of 2,4-D plus Fe(II) or a-KG with Fe(II) decrease the inactivation rate. Furthermore, the combined presence of 2,4-D and a-KG is very effective in protecting the enzyme from inactivation by DEP.
We interpret results from the above studies in terms of the model illustrated in Figure 3 . Consistent with the expected requirements for positive charges at the binding sites of 2,4-D and a-KG, we propose that essential histidine residues are present at the binding sites for each of (8) ; however, the TfdA sequence exhibited no significant similarity to any of the known x-KG-dependent dioxygenase sequences (e.g., prolyl hydroxylase, lysyl hydroxylase, aspartyl hydroxylase, hyoscyamine hydroxylase, deacetoxycephalosporin hydroxylase, or the mechanistically related p-hydroxyphenylpyruvate hydroxylase) available in GenBank. We speculate that TfdA may have evolved from a gene involved in biodegradation of a plant-derived compound containing an aromatic ring in ether linkage to an acidic sidechain. One intriguing possibility is that a TfdA-like enzyme is involved in-lignin degradation; i.e., lignin peroxidases and manganese peroxidases degrade the complex polyaromatic lignin substrate to smaller pieces, and those fragments that retain ether linkages may subsequently be degraded by an ax-KG-dependent dioxygenase.
